Three experiments were conducted t o evaluate lysine (Lys), threonine (Thr), methionine (Met), tryptophan (Trp), and nonessential N ( + N ) supplementation of all sorghum grain ( S ) diets on growth and carcass characteristics of 50-to 100-kg pigs. In Exp. 1, four replicate pens of four pigs each were fed: 1) sorghum-soybean meal positive control (S-SBM); 2 ) S + Lys + Thr + Met + 
Introduction
Grain sorghum is used extensively throughout the world as a livestock feed. Lysine ( Lys) and threonine ( Thr) are clearly the first-and second-limiting amino acids, respectively, in sorghum (Eckert and Allee, 1974; Cohen and Tanksley, 1976) . Unlike corn, tryptophan (Trp) is not the first-or second-limiting lApproved for publication by the Director of the Louisiana Agric. Exp. Sta. as manuscript no. 94-11-8420. 'Portions of this research have been reported previously; J. h i m . Sci. 68(Suppl. 1):381 (Abstr.) and J. Anim. Sci. 7O(Suppl. 1):235 (Abstr.).
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4To whom correspondence should be addressed. Received July 13, 1994 . Accepted February 15, 1995 J. Anim. Sci. 1995 . 73:1746 -1753 amino acid in sorghum (Figure l ) , and some research has indicated that Trp may be limiting only after methionine ( Met), isoleucine ( Ile) , histidine ( His), and valine (Val) (Brudevold and Southern, 1994) .
There is a n effort to reduce excess CP in swine diets (Lewis et al., 1979; Kephart and Sherritt, 1990; Hansen et al., 1993a,b; Page et al., 1993; Brudevold and Southern, 1994) . A decrease in CP in the diet will decrease N loss to the environment, and in some instances, decrease dietary cost. However, decreasing the CP content of pig diets may make it necessary t o supplement these diets with the limiting amino acids, usually Lys, Thr, and Trp. In fact, it may be possible to supplement sorghum with Lys and Thr in diets for finishing pigs and eliminate protein supplements completely (Phillipe et al., 1992) . Therefore, this investigation was conducted to determine growth and carcass characteristics of 50-to 100-kg pigs fed all sorghum diets supplemented with Lys, Thr, Met, Trp, and(or) dispensable N. Limiting amino acids in corn and sorghum grain relative to the requirement of the 50-to 110-kg pig. Calculated using NRC (1988) amino acid values for corn and sorghum and for the amino acid requirements of the 50-to 110-kg pig. Calculated as [(grain amino acid content -amino acid requirement) + amino acid requirement] x 100. His = histidine, Ile = isoleucine, Lys = lysine, M+C = methionine + cystine, P+T = phenylalanine + tyrosine, Thr = threonine, Trp = tryptophan, and Val = valine. Leucine is not included because it exceeds the pig's amino acid requirement by more than 60%. No bar is visible for sorghum for Trp because the Trp concentration of sorghum is equal to the Trp requirement of the 50-to 110-kg pig.
Materials and Methods

General
Three experiments were conducted t o evaluate amino acid (Lys, Thr, Met, Trp) and(or) dispensable N additions to all sorghum grain diets for 50-to 100-kg pigs. Crossbred pigs (Yorkshire x Hampshire x Duroc) from the Louisiana State University Agricultural Center Swine Unit were used in these investigations. They were allotted to randomized block (Exp. 1; blocked on initial S W > or to completely random designs (Exp. 2 and 3 ) . Ancestry and sex were equalized across treatments in all experiments. Average initial BW were 51.8, 52.5, and 50.0 kg and the experimental periods were 66, 89, and 74 d for Exp. 1, 2, and 3, respectively. Pigs were penned in 1.5-m x 6.1-m pens with solid concrete floors in an open-front facility. Body weight gain, feed intake, and gaidfeed were determined biweekly.
Diets and tap water were provided for consumption on an ad libitum basis. Diet formulations were based on amino acid concentrations of sorghum and soybean meal, which were taken from the NRC (1988, Exp. 1) or were based on analysis of the ingredients (Table 1, Exp. 2 and 3, except for Met + cystine). The sorghum was analyzed for tannins according to the Prussian blue method of Price and Butler ( 1977) . The sorghum and soybean meal were elevator-run material and contained no visible foreign material.
Experiment 1
Exp. 1 was conducted from September to November 1989. Four dietary treatments were used in Exp. 1 (Table 2) . Diet 1 was a sorghum-soybean meal positive control ( S-SBM) formulated to contain 110% of the Lys requirement for 50-to 100-kg pigs (NRC, 
1988).
Diet 2 (LTMT) was a sorghum diet supplemented with Lys, Thr, Met, and Trp to contain 110% of the requirement of each amino acid. Diet 3 (L"IT+N) was similar to Diet 2 except that it contained 2.37% additional dispensable N. Diet 4 ( S ) was the sorghum negative control. The dispensable N used in Diet 3 was provided as an isonitrogenous mixture of glutamic acid (43.9%' of the mixture), diammonium citrate (33.7%), and glycine (22.4%).
The dispensable N mixture contained 12.5% N.
Each dietary treatment was replicated with four pens of four pigs each. On d 40 of the experiment, all pigs were fed the treatment diets containing .2% Cr2O3. After a 3-d adjustment period, feces were collected manually from at least two pigs per pen for 5 d. Care was taken to ensure that all pigs were sampled at least two times during the 5-d collection period. Fecal samples were freeze-dried, ground, and composited by pen. Chromium analyses were performed via atomic absorption spectrophotometry (Anonymous, 1982 ; Model 3030B, Perkin-Elmer, Norwalk, CT), and N analysis was determined by the Kjeldahl procedure (AOAC, 1990) for assessment of apparent N digestibility.
5Note that when a n acronym contains a single "T," the " T stands for Thr (e.g., LT), but if the acronym contains two "T," they stand for Thr and
Trp (e.g., LTT).
Experiment 2
Exp. 2 was conducted from January to April 1991. Ten dietary treatments were used in Exp. 2 (Table 3 ) . Diet 1 was the S-SBM positive control formulated to provided 110% of the Lys requirement from sorghum and soybean meal with an additional 15% of the Lys requirement from L-Lys.HCl(.O9% Lys). In Diets 2 to 9, amino acids were added t o equal the concentration of amino acids in Diet 1 and were as follows: 2) S + Lys + Thr (LT); 3 ) S + Lys + Thr + Met (LTM); 4) S + Lys + Thr + Trp (LTT); 5 ) S + Lys -t Thr + Met + Trp (LTMT); 6 to 9 as Diets 2 to 5 plus dispensable N ( +N); and 10) S.5 Each dietary treatment was fed to two replications of four pigs each.
Experiment 3
In Exp. 3, two identical trials, with seven dietary treatments each, were conducted. Trials 1 and 2 were conducted from May to August 1991 and May through July 1992, respectively. The following dietary treatments were formulated as in Exp. 2: 1 ) S-SBM; 2 ) S + Lys ( L); 3 ) LT; 4) LTM; 5 LTT; 6 ) LTMT; and 7) S (Table 4) . Within each trial, treatments were replicated with three (Treatments 1 to 6 ) or two (Treatment 7 ) pens of four pigs each.
Blood Samples
Before the termination of each experiment, pigs were meal-fed in two equal feedings (0800 and 1800) for at least 2 d. The following day, blood was collected 
aBased on amino acid analysis of sorghum and soybean meal (Table l) T h e dispensable N portion of the diet was composed of a 1:l:l ratio of glutamic acid, diammonium citrate and glycine on a nitrogen basis (glutamic acid, .754%; diammonium citrate, ,5796; glycine, .384% of the diet).
via anterior vena cava 3 h after the initiation of feeding. Serum was collected after centrifugation (1600 x g ) of the blood at 4°C for 20 min. Serum urea nitrogen ( SUN) concentration was measured using a glutamate dehydrogenase-urease coupled reaction (Gilford 203 Clinical Chemistry Analyzer, Ciba Corning Diagnostics, Oberlin, OH).
Carcass Traits
All pigs, except those fed the S negative control diets, were killed via electrical stunning followed by exsanguination in a commercial slaughter facility a t the termination of the experiments. In Exp. 1, pigs were killed when treatments averaged approximately 100 kg BW (actual final BW = 100.5 kg). In Exp. 2, all pigs in a pen were killed when the average pen weight was approximately 104.3 kg (actual final BW = 105.5 kg). In Exp. 3, pigs were killed when treatments averaged approximately 100 kg BW (actual final BW = 97.2 kg). Pigs fed S negative control diets were not slaughtered because of their slow growth and resulting low BW relative to pigs fed other dietary treatments. Hot carcass weights were taken for dressing percentage ( DP) calculations. Longissimus muscle area (LMA) and 10th rib backfat (TRF) thickness were measured following a carcass chilling time of at least 24 h at 2°C. Longissimus muscle area and TRF were adjusted to 104.3 kg (NSIF, 19871 , and percentage of muscling ( P M ) was calculated by methods described by the NPPC (1991).
In Exp. 1, the pancreata were excised on the day of slaughter, cleaned of extraneous tissue, and weighed. Also, in Exp. 1, the specific gravity of the untrimmed ham (HSG) from the left side of each carcass was determined 24 h after carcass data collection [ham weight in air + (ham weight in air -ham weight while suspended in water)].
Statistical Analyses
Data were analyzed by ANOVA procedures appropriate for randomized block (Exp. l ) or completely random designs (Exp. 2 and 3; Steel and Torrie, 1980) . Treatment means were separated by the LSD procedure ( C Y = .05). In Exp. 2, the main effect of supplemental dispensable N was tested using single degree of freedom contrast. Covariance analysis was used in Exp. 2 and 3 (initial BW for ADG, ADFI, and gaidfeed; final BW for carcass characteristics and 'Based on amino acid analysis of sorghum and soybean meal (Table l ) , with the exception of methionine + cystine (NRC, 1988) . S-SBM = sorghum-soybean meal positive control; L = S supplemented with lysine; LT = L supplemented with threonine; LTM = LT supplemented with methionine; LTT = LT supplemented with tryptophan; LTMT = LTM supplemented with tryptophan; S = sorghum negative control. pancreas weights). In all experiments, the pen of pigs was the experimental unit. The data from the two trials in Exp. 3 contained homogeneous variances; therefore the data were pooled,
Results and Discussion
Experiment 1
Pigs fed S-SBM had a higher ADG than pigs fed all other diets (Table  5 ) . However, pigs fed LTMT or LTMT+N gained faster than pigs fed S ( P < . 0 5 ) . The reduction in gain of pigs fed LTMT, compared with pigs fed S-SBM, was explained by a concomitant reduction in feed intake; gairdfeed was not affected ( P > .05). The pigs fed LTMT+N had a slightly greater ( P < .05) reduction in gain than in feed intake, resulting in a decrease in gaidfeed.
Serum urea N concentration was lower ( P < . 0 5 ) in pigs fed LTMT and LTMT+N than in pigs fed S-SBM or S. This reduction in SUN probably reflects both a reduction in total dietary N intake and an improvement in protein quality. Apparent N digestibility was reduced ( P < .05) in pigs fed LTMT compared with pigs fed S-SBM but was increased ( P < .05) by N addition. The increased N digestibility resulting from the dispensable N addition was probably due to the higher digestibility of the dispensable N (glutamic acid, glycine, and diammonium citrate) than the N in sorghum. In addition, N digestibility increases as N intake increases because endogenous N excretion contributes proportionally less to total fecal N.
Longissimus muscle area was 12% smaller ( P Pancreas weights were 31% lower ( P < .05) in pigs fed LTMT than in pigs fed S-SBM. Pancreas weights were further reduced ( P < .05 1 in pigs fed LTMT+N.
The reduction in pancreas weight was apparently due to the reduction in complex protein for protease substrate in the diet (Dagorn and Lahaie, 1981; Poort and Poort, 1981) . However, if the reduction in pancreas weight is coupled with a reduction in pancreas enzyme secretion, then this also may be a aData are means of four replicates of four pigs each. 'S-SBM = sorghum-soybean meal; LTMT = S supplemented with lysine, threonine, methionine, and tryptophan; LTMT+N = LTMT plus dispensable N; S = sorghum negative control; SUN = serum urea N; App. N dig. = apparent N digestibility; LMA = Longissimus muscle area; TRF = 10th rib fat thickness; PM = percentage of muscling; DP = dressing percentage; HSG = ham specific gravity; Pancr. wt. = pancreas weight.
c,d,eMeans within a row with unlike superscripts differ, P < .05
factor in the reduction in N digestibility of the amino acid-supplemented diets. In fact, Pekas et al. (1964) and Corring and Bourdon ( 197 7 1 have reported that exclusion of pancreas secretion in pigs (via ligation of the pancreatic duct) reduced protein digestibility. Pigs fed low-protein, amino acid-supplemented, corn-soybean meal, or corn-amino acid-supplemented diets also have been reported to have decreased pancreas weights (Ward and Southern, 1993) .
Experiment 2
Experiment 2 was conducted to evaluate individual amino acid additions, with and without dispensable N, to sorghum grain diets. Average daily gain was lower ( P < .05) in pigs fed S, LT, LT+N, and LTM+N than pigs fed S-SBM (Table 6) that were not different ( P > . 0 5 ) from the gain observed in pigs fed S-SBM. Pigs fed supplemental amino acids and(orj N had feed intakes similar ( P > .05) to that of pigs fed S-SBM; however, feed intake was lower ( P < .05) in pigs fed S than in pigs fed S-SBM. Gaidfeed was lowest in pigs fed S and was improved ( P < .05) by amino acid and(or) N addition. did not result in further improvement in gain ( P > .05; Table 7 ). In addition, none of the sorghum amino acidsupplemented diets resulted in gains equal to the gain of pigs fed S-SBM ( P < .05). The reduced gain, compared with pigs fed S-SBM, of pigs fed crystalline amino acid supplemented diets partially was accounted for by a reduction in feed intake. However, in contrast to Exp. 2, gain was reduced more than feed intake, resulting in lower gaidfeed of pigs fed amino acid-supplemented diets. The deficiency of amino acids, especially Thr, in the S and L diets is apparent not only from the growth data, but also from the SUN. The improvement in protein quality of the amino acidsupplemented diets is evidenced by the lowest SUN in pigs fed LT and additional amino acids. A reduction in excess dietary N without improved protein quality is evident; pigs fed L has lower ( P < .05) SUN than pigs fed either S or S-SBM, but higher ( P < . 0 5 ) SUN than pigs fed LT, LTT, or LTMT. In Exp. 3, carcass characteristics were improved by amino acid supplementation of the S diets, as was evident in Exp. 1 but not 2. Longissimus muscle area was smaller ( P < .05 j in pigs fed L and LTT than in pigs fed S-SBM. However, addition of Thr (LT), Thr + Met (LTM), or THR + Met + Trp (LTMT) to the L diet resulted in LMA of pigs that was not different ( P > .05 j from the LMA of pigs fed S-SBM. The lack of the limiting amino acid Thr resulted in TRF that was greater ( P < .05) in pigs fed L than in pigs fed S-SBM.
However, addition of Thr (LT), Thr + Met (LTM), and Thr + Met + Trp (LTMT), but not Thr + TRP (LTT), to the L diet resulted in pigs with TRF that was not different ( P > .05) from that of pigs fed S-SBM. The pigs fed L had less ( P < .05) PM than the pigs fed S-SBM. Subsequent addition of amino acids to the L diet numerically increased PM, but only LT and LTM resulted in pigs with PM not different ( P > .05) from pigs fed S-SBM. Dressing percentage was higher ( P < .05) in pigs fed the amino acid-supplemented diets than in pigs fed S-SBM; the exception was ( P ,051 the diet that contained all four amino acids (LTMT).
General Discussion
The limitation of Lys and Thr in all sorghum diets was confirmed in this investigation. Furthermore, Trp seems to be slightly more limiting than Met for growth. Purser and Tanksley ( 1976 ) reported that Trp was third-limiting in sorghum grain for growing pigs. However, in our investigation Met supplementation tended to improve carcass characteristics more than Trp supplementation. Philippe et al. (1992) reported that Thr supplementation of 10% CP Lys-fortified S-SBM diets resulted in adequate performance of finishing pigs. However, these researchers reported that an all sorghum diet supplemented with Lys, Thr, Met, and Trp did not result in growth equal to that of pigs fed a sorghumsoybean meal control diet.
The results of our investigation and those of Philippe et al. (1992) indicate that supplementation of all sorghum diets with amino acids does not result in maximum growth performance or carcass traits of finishing pigs. These diets do not calculate to be deficient in amino acids and did not respond to N addition. A partial explanation for this lack of optimum performance may be the tannin content of the sorghum. Cousins et al. ( 198 1) reported a significant reduction in ileal digestibility of DM, GE, N, and amino acids of sorghum grain containing .41 to .68 catechin equivalents. The sorghum used in our diets contained .27 to .37 catechin equivalents (Table   1 1, which is similar to the level reported by Cousins et al. (198 1) to decrease amino acid digestibility. In addition, the diets used by Cousins and associates were diluted somewhat by a protein source. However, Philippe et al. ( 1992) reported optimum performance in pigs fed 10% CP, S-SBM diets, which contained approximately 3.5% SBM and 93.5% sorghum (tannin content of their diets was not reported but was of a low tannin variety).
Implications
Supplementation of sorghum grain diets with the combination of lysine and threonine improved growth bS-SBM = sorghum-soybean meal positive control diet; L = S supplemented with lysine; LT = L supplemented with threonine; LTM = LT supplemented with methionine; L l T = LT supplemented with tryptophan; LTMT = LTM supplemented with tryptophan; S = sorghum negative control; SUN = serum urea N; LMA = Longissimus muscle area; TRF = 10th rib fat thickness; PM = percentage of muscling; DP = dressin percentage.
C>d,e,EfMeans within a row with unlike superscripts differ, P < .05.
performance and carcass quality, but growth and carcass quality were not equal to those of pigs fed sorghum-soybean meal diets.
Further supplementation of sorghum-lysine-threonine-supplemented diets with tryptophan, methionine, dispensable nitrogen, or some combination of these, did not improve growth performance. These results indicate that supplementation of sorghum grain diets with lysine and threonine result in below maximal growth performance and carcass traits of finishing pigs. Furthermore, it seems that some factor other than amino acids or nonessential nitrogen may be limiting in all sorghum grain diets for the finishing pig.
